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The presence of chlorinated aliphatic hydrocarbons
(CAHs) was found to decrease the net growth rate
of a methanotrophic mixed culture expressing
particulate methane monooxygenase (pMMO). Growth
rates in the absence of CAHs were 1.48, 1.14, and
0.45 day-1 on 460, 46, and 9.3 µg/L methane, respectively.
Weighted nonlinear least squares fitting of the Monod
model with decay yielded best estimates ((95%
confidence intervals) of 2.67 ( 0.08 µg of methane
(µg of cells)-1 day-1 for the maximum methane utilization
rate, 15.6 ( 1.2 µg of methane/L for the methane half-
saturation coefficient, and 0.20 ( 0.05 day-1 for the
endogenous respiration rate. Using this single set
of kinetic parameter values, the model fit captured both
the shape and the spacing of methane depletion
curves covering 4 orders of magnitude in initial biomass
concentration and 2 orders of magnitude in methane
concentration. Growth rates on 460 µg/L methane
were reduced by approximately 20% in the presence
of 0.05 mg/L 1,1-dichloroethylene (1,1-DCE), 1 mg/L
trans-1,2-dichloroethylene (t-DCE), or 1 mg/L trichloro-
ethylene (TCE). A model for the effect of CAHs on
growth rate was fitted to growth rate data by nonlinear
least squares analysis. Competitive inhibition ap-
peared the important factor for the reduction in growth
rates with TCE and t-DCE, and transformation product
toxicity was most significant for 1,1-DCE. Finally, an
inoculum expressing sMMO showed an extreme
toxicity in the presence of 0.005 mg/L 1,1-DCE, but not
when the inoculum expressed pMMO.

Introduction
Trichloroethylene (TCE) was first shown to be aerobically
biodegraded through the addition of natural gas containing
methane to contaminated soil (1). Later studies demon-
strated that methane, propane, ammonia, phenol, and
toluene (2-5) oxidizing bacteria can oxidize many other
chlorinated aliphatic hydrocarbons (CAHs) besides TCE

(4, 6). With methane-oxidizing (methanotrophic) bacteria,
methane monooxygenase (MMO) catalyzes the oxidation
of both CAH and the growth substrate, methane. Com-
petitive inhibition by CAHs slows the rate of methane
utilization (7) and vice versa (3, 8-12). Oxidation of both
CAH and methane by MMO requires the input of reducing
energy in the form of nicotinamide adenine dinucleotide
(NADH) (13). Subsequent steps in the methane oxidation
pathway regenerate the NADH consumed, but the CAH
products provide no apparent benefit. Further methano-
trophic oxidation of formate, one of many products of TCE
transformation (14), may regenerate NADH, but MMO
oxidation of other products (e.g., carbon monoxide)
consumes additional NADH (10). Still other products are
not oxidized by methanotrophs (15). Competitive inhibi-
tion of methane oxidation may exacerbate the situation by
decreasing the rate of NADH regeneration. These processes
singly or together may limit the rate of methane and CAH
oxidation by MMO.

Organisms that oxidize CAHs experience toxic effects
from the CAH transformation product or from further
breakdown products (11, 16-19). Covalent binding of
transformation products to a variety of cellular macro-
molecules has been observed (11, 14). Of importance for
application of cometabolic processes for CAH degradation
is the mass of CAH that can be transformed by a unit mass
of cells, this is termed the transformation capacity (Tc, mg
of CAH/mg of cells) (20). Tc quantifies the combined effects
of several phenomena, relating the effect of transformation
product toxicity (TPT). For a given culture, TPT varies
greatly among different CAHs (21). Because of the com-
plexity of possible TPT effects, the transformation capacity
concept can be a useful engineering tool for engineering
design purposes.

The kinetics of chlorinated ethene transformation by
methanotrophs have been widely studied. However, few
researchers have studied the effect of CAHs on methane
utilization (9) and growth (7, 22) or have attempted to model
this relationship (9, 23). Such information is of importance
for the design of treatment systems where cell growth and
CAH degradation occur simultaneously.

In the absence of CAHs, the net growth rate (µ, day-1)
of active organisms using the Monod relationship may be
related to the rate of methane utilization:

where Xa is the active biomass concentration (µg/L), t is
time (days), Y is biomass yield (µg of biomass/µg of cells),
ks is the methane maximum oxidation rate (µg of methane
(µg of biomass)-1 day-1), Ks is the methane half-saturation
concentration (µg/L), S is the methane concentration (µg/
L), and b is the endogenous respiration rate (day-1).

The presence of CAHs may reduce the growth rate of
the organism by the processes discussed above. In an
attempt to consider these process effects, eq 2 was
formulated by Criddle (23), incorporated into a model of
biofilm kinetics by Anderson and McCarty (24), and reported
in a rearranged form by Chang and Alvarez-Cohen (9). The
middle term on the right side reflects loss of active cells
due to TPT and is quantified as the rate of CAH transfor-
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mation divided by Tc. Competitive inhibition of methane
utilization by the CAH is reflected in the modifier of KS in
the left term while inhibition of CAH transformation by
methane (7) is represented by the Kc modifier in the middle
term:

where C is the CAH concentration (mg/L), Kc is the CAH
half-saturation concentration (mg/L), and kc is the CAH
maximum oxidation rate (µg of CAH (µg of biomass)-1

day-1). Also, limitation in reducing energy availability
(NADH) may decrease the oxidation rates of both methane
and CAH (9, 23, 25) and may eventually stop these reactions
altogether (9, 10, 26). As a result, eq 2 would not be valid
by itself when reducing energy is rate limiting (9).

Growth rates are thus expected to be sensitive to changes
in CAH as well as methane concentration. As methane
concentration decreases or CAH concentration increases,
the dual competitive inhibition terms both reduce µ. But
CAH transformation would increase, thereby increasing the
non-productive consumption of energy (NADH) as well as
the production of toxic transformation products, all of which
decrease growth rate.

The experiments described here were conducted with
a culture expressing particulate MMO (pMMO). Whereas
only some methanotrophs are capable of sMMO expression
(under copper-limited conditions), all methanotrophs have
the ability to express pMMO. Cultures expressing sMMO
have received widespread study, because such cultures
oxidize TCE at a much greater rate than pMMO-expressing
cultures. However, typical conditions in nature are likely
to favor pMMO expression (27, 28). Also, cultures express-
ing pMMO do rapidly oxidize some CAHs of importance,
including trans-1,2-dichloroethylene (t-DCE) and vinyl
chloride (VC) (6, 22, 26, 29).

Experimental Section
Chemicals. Methane (Liquid Carbonic Specialty Gas Co.,
San Carlos, CA) was of 99.0% purity. CAHs were added as
saturated aqueous solutions (17), and included TCE (99+%
pure ACS reagent, Aldrich Chemical Co., Milwaukee, WI),
t-DCE (98% purity, Aldrich), and 1,1-dichloroethylene (1,1-
DCE) (neat standard for EPA methods, Sigma Chemical
Co., St. Louis, MO). Diluted 1,1-DCE stock solution was
prepared by adding 37-370 µL of 1,1-DCE saturate to vials
(4.7 mL) containing 2.0 mL of media and sealed with Teflon-
lined silicone septa.

Mineral Medium and Sample Bottle Preparation.
Mineral medium containing 0.074 µM copper was prepared
with air-stripped deionized water using the formulation of
Fogel et al. (30). Also included were 1.0 mg/L sodium
thiosulfate and 1 mM sodium bicarbonate (31), the latter
added after autoclaving and cooling.

Test tubes (15 mL) to be used for methane addition were
weighed and inserted upside-down into 250-mL weighed
glass serum bottles. After adding approximately 230 mL of
mineral medium, the sealed bottles were autoclaved for 25
min at 121 °C and 2 atm pressure. The liquid volume was
then adjusted so that 16.0 ( 0.1 mL headspace would remain
after subsequent liquid additions.

Bacterial inoculum was added just before the start of an
experiment. Controls received 220 mg/L sodium azide or
no inoculum. Methane was added before sealing by means
of a Pressure-Lok valved gas-tight syringe (Precision
Sampling Co., Baton Rouge, LA) with a specially designed
J-shaped needle to dispense methane up into the inverted
15-mL tube. CAH stock solution was injected just before
sealing the bottle with an open-hole screw closure and both
a Teflon-lined silicone septum and a Teflon-lined rubber
septum. Each bottle was then briefly inverted in order to
release the methane bubble into the headspace.

Inoculum Preparation. A methanotrophic mixed cul-
ture maintained in a continuous culture growth reactor
(17) was used as the source of microorganisms. The
dominant methanotrophic organism in this mixed culture
has been isolated and shows 92% 16S rRNA homology to
Methylosinus trichosporium OB3b (32), which expresses
pMMO when sufficient copper is present (6, 33), but sMMO
under the copper-limited conditions maintained in the
growth reactor.

To ensure a consistent inoculum for the separate
experiments, 1-mL aliquots of cells from the growth reactor
were frozen in autoclaved 1.5-mL microcentrifuge tubes
and stored for later use. Each tube received a total of 7.0
µL of dimethyl sulfoxide (DMSO), was vortexed lightly, and
as subsequently suspended for 3 min in an ethanol and dry
ice bath (approximately -77 °C) for flash freezing, and then
stored at -80 °C.

Before an experiment, a culture tube was thawed at 0
°C for 1 h, and then diluted into 200 mL of mineral medium.
Bottles with 230 mL of mineral medium received 0.5 mL
of this dilution and 0.5 mL of 99% methane and were
incubated until more than 99.9% of the methane was
removed. In these and all other experiments, bottles were
incubated in the dark at 20 °C with 150 rpm rotary shaking.
Subsamples from the bottle were then used as inoculum
for experiments. Under the above growth conditions, the
organisms in the inoculum preparation bottle had a copper
to biomass ratio of greater than 78 µmol/g and reverted to
pMMO expression as demonstrated by undetectable naph-
thalene oxidation (8). The copper to biomass concentration
in experiments varied with growth time and due to
differences in initial biomass and methane concentrations,
but this ratio was never less than 78 µmol/g.

Inoculum Dilution Series. An inoculum dilution series
experiment was used to determine the kinetic parameters
in the absence of CAHs (eq 1) and resulting net growth
rates at initial methane concentrations of 9.3, 46, and 460
µg of methane/L. Initial biomass concentrations spanning
4 orders of magnitude were evaluated at each methane
concentration.

Weighted Nonlinear Least Squares Parameter Estima-
tion. The results for all 44 bottles without CAHs were
analyzed using a weighted NLS parameter estimation
technique (34, 35) to determine ks, Ks, b, and an additional
parameter, X0,max. Y was assumed to equal 0.64 µg of cells/
µg of methane (35). The rate of change of methane
concentration in the liquid phase (S, µg/L) here is based
on Monod kinetics corrected for gas/liquid mass transfer
(35):

where SG is the headspace methane concentration (µg/L),

µ ) Y( ksS

S + Ks(1 + C/Kc)) - 1
Tc

( kcC

C + Kc(1 + S/Ks)) - b
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Hc is the dimensionless Henry’s constant ) 28.5 (-), and
KLa is the mass transfer coefficient (day-1). Likewise,
headspace methane concentration seeks equilibrium with
respect to the solution concentration:

where VL is the liquid volume (L) and VG is the gas volume
(L).

Because of the complexity of the model (consisting of
eqs 1, 3, and 4), a numerical solution was implemented.
The FORTRAN code consisted of a fourth-order accurate
Runge-Kutta scheme (36) run on a Sun SPARCstation 20.
Initial conditions were the known methane concentrations
after accounting for partitioning between liquid and
headspace, and the initial active organism concentration,
X0 ) DX0,max, where D (-) is the inoculum dilution factor
between the given bottle and that with the highest initial
biomass (X0,max, µg/L). Liquid and headspace volumes
equaled 0.23 and 0.016 L, respectively. The mass transfer
coefficient was determined experimentally by moni-
toring headspace methane after injection of a known
volume of methane, from which KLa was found to equal
140 ( 9 day-1.

For every observation (methane concentration), the
corresponding error was calculated as the difference
between the actual and predicted headspace concentra-
tions. Determination of errors required multiple simulation
runs of the model, covering all combinations of inoculum
and initial methane concentrations. Calculation of ap-
proximate 95% confidence intervals and correlation coef-
ficients for the parameter estimates was performed similar
to that described by others (34, 35).

Growth Rate Estimation. The results from the above
inoculum dilution series as well as that described later with
CAHs were also analyzed using only the spacing between
methane removal curves. The curves of methane versus
time were similar in shape for a given initial methane
concentration, but were shifted laterally depending on the
initial biomass concentration. The use of this analysis
requires that the initial biomass concentration be much
less than the methane concentration (X0 , YRS0). The
dimensionless parameter, R ) 1 + HcVG/VL ) 2.98, was
used to account for methane in the headspace. The time
to 50% methane removal (t50%, day) for each bottle was
used to quantify the spacing.

With the low starting biomass concentration, the growth
rate µ remains essentially constant as long as S ≈ S0.
However, this condition is no longer met after t50% (S )
1/2S0). At this time, the biomass concentration equals X50%

(µg of biomass/L). X0 was established using inoculum
dilutions and thus was determined by the dilution factor,
D. Rearranging the exponential growth equation

yields the following:

Because the initial biomass was here small compared to
X50% (X0 , 1/2YRS0), X50% essentially represents the yield of
organisms from the methane consumed and is thus a

constant for a given initial methane concentration (X50%≈
1/2YRS0). X0,max, also a constant, is the maximum inoculum
concentration used in the dilution series. The growth rate
µ was also essentially constant over this time period. Thus,
the latter two terms in eq 6 represent a constant, C, so that
there is a linear dependence of t50% on ln (D):

For each initial methane concentration, least squares linear
regression of the measured t50% values versus ln (D) yielded
a slope equal to -µ-1. Confidence intervals (95%) for µ
were estimated using the corresponding confidence in-
tervals for the slope.

CAH Effect on Growth Rate. The variation of growth
rate over a range of CAH concentrations was examined at
460 µg of methane/L and a single inoculum concentration
(ca. 0.01 µg/L). For comparison, a separate set of bottles
was inoculated with the same mixed culture (0.5 mL of a
0.1% dilution of the frozen cells), but initially expressed
sMMO rather than pMMO. Controls received no inoculum
and had mid-range CAH concentrations. Methane and CAH
mass transfer rates between headspace and liquid were
much greater than biological removal rates, so that gas/
liquid equilibrium could be assumed.

The relationship between the time required for detect-
able methane removal and µ is similar to that for the
inoculum dilution series, as appropriate test conditions
were used, and is again based on eq 5, rearranged to give

In these experiments, X0 was constant and X50% was assumed
to be independent of CAH concentration and thus also a
constant. As a result, µ is inversely proportional to t50%.
The value for µ determined without CAHs was used to
estimate µ at different CAH concentrations based on

NLS error minimization was then used to estimate the
CAH-related parameter values, with confidence intervals
and correlation coefficients (35). This method for estimat-
ing the variation of µ with CAH concentration performed
well, erring by less than 3% as determined by numerical
solution of eq 2. Errors resulted because X50%/X0 varied
slightly at high CAH concentrations. As a result, eq 9 may
not be applicable at higher CAH concentrations if that
decreases X50% by reducing cell yield.

Analytical Procedures. Methane was sampled (0.1 mL)
from the headspace using a Precision Pressure-Lok gas-
tight syringe and analyzed on a Hewlett-Packard 5730A gas
chromatograph (GC) with a 5-ft Supelco 60/80 Carbosieve
1/8 in. diameter packed column at an oven temperature
of 100 °C with a flame ionization detector. Using a
dimensionless Henry’s constant of 28.5 at 20 °C (37), one-
third of the total methane mass was in solution and two-
thirds was in the headspace.

CAH headspace samples (0.1 mL) were analyzed on a
Tracor MT-220 GC with a 40-60 °C packed column
containing 10% squalene on Chromosorb A/AW with a
linearized electron capture detector. The column (J&W
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Scientific) had a length of 30 m, an inner diameter of 0.53
mm, and a 3.0-µm DB-624 film and was used at 60 °C.
Solution concentrations were calculated using dimension-
less 20 °C Henry’s constants of 0.299, 0.305, and 0.862 for
TCE, t-DCE, and 1,1-DCE, respectively (38). CAHs parti-
tioned primarily into the aqueous phase, with 94-98% of
the total CAH mass in solution.

Results and Discussion
Inoculum Dilution Series. The inoculum dilution series
results without CAHs present are illustrated in Figure 1.
The pattern of methane removal with 460 µg of methane/L
consisted of a variable time period with undetectable
removal followed by a period of rapid removal (Figure 1a).
Decreasing initial biomass concentrations increased the
time prior to methane removal but had little effect on the
shape of the curve. The curves for bottles containing lower
methane concentrations (Figure 1b,c) were more sigmoidal
in shape with a greater time interval between curves.

Weighted NLS Parameter Estimation. The Figure 1
results were used to estimate the kinetic parameter values
describing methanotrophic growth (eq 1). The data were
analyzed using both weighted and unweighted errors. The
errors were more evenly distributed when weighted by the
factor wi ) 1/Sinit,i, essentially normalizing the data by the
initial methane concentration. With weighted errors, the
distribution was 60%, 30%, and 10% among the 460, 46,

and 9.3 µg/L data. Even after this normalization, the high
methane bottles still contributed the greatest error, most
likely due to the steepness of the methane depletion curve
(Figure 1a). Of the total 242 data points, five data points
from the 460 µg/L bottles were responsible for 36% of the
error for the entire data set. The assumed value of the
growth yield, Y, also did not greatly impact results.
Increasing the value of Y resulted in a nearly proportional
decrease in the value of ks, while the other parameters were
not affected. In short, the data were a good measure of the
product of Y and ks (µmax), but not Y or ks individually.

Abiotic losses of methane were neglected in model fitting.
Losses did become significant many days after puncturing
the septa in the initial sampling of no cell controls (Figure
1). However, active bottles were only punctured and
sampled after the bottles having the next greater initial
biomass concentration showed detectable (10%) methane
removal. Thus, abiotic losses were minimal over the period
when methane depletion was observed.

The best fit parameter values are reported in Table 1
with their approximate 95% confidence intervals and
correlation coefficients. The results from model simulations
using these parameter values are shown as curves in Figure
1, demonstrating that the Monod model with decay
satisfactorily described the growth of this culture over a
wide range of methane and inoculum concentrations. The
confidence intervals for the estimates of ks, Ks, and X0,max

were narrow, indicating that the results were sensitive to
these parameters. The low Ks value obtained is typical of
pMMO under copper sufficient conditions, as expected,
whereas values of 0.4-1.6 mg/L are typical for sMMO (28).

The estimates for ks, Ks, and b were highly correlated
(Table 1), implying that the data were not ideally suited for
parameter estimation using this model. Confidence in-
tervals about the parameter estimates would have been
better had the correlation between parameters been less.
The Figure 1 data was characterized by three distinct time
periods: no methane removal at early times, an intermedi-
ate period of rapid removal, and an absence of methane
at late times. Data were collected primarily with the
intention of observing the onset of methane depletion, but
not to sample frequently during this period. As a result,
the data were actually a better indicator of growth rates,
because such rates can be estimated by the time to 50%
methane removal for different inoculum dilutions.

The negative correlation between ks and Ks was unex-
pected. Typically, ks and Ks are positively correlated,
especially if the data are only taken at concentrations greater
than Ks. However, when the sensitivity matrix neglected
b and X0,max, the correlation coefficient for ks and Ks was

FIGURE 1. Methane concentration versus time for inoculum dilution
series for three initial methane concentrations: (a) 460, (b) 46, and
(c) 9.3 µg/L. Inoculum dilution factor: (b) 1, (O) 0.3, (1) 0.1, (3) 0.03,
(9) 0.01, (0) 0.003, ([) 0.001, (2) 0.0001. Controls (×) had no inoculum
added. Lines show corresponding model results using weighted
NLS parameter estimates (Table 1).

TABLE 1

Monod Parameter Value Best Estimates from
Weighted NLS Fitting Using Inoculum Dilution
Series Data without CAHs

correlation coefficient matrixb

parameter best estimatea ks Ks b X0,max

ks (µg µg-1 day-1) 2.67 ( 0.08 1
Ks (µg/L) 15.6 ( 1.2 -0.94 1
b (day-1) 0.20 ( 0.05 0.96 -0.96 1
X0,max (µg/L) 3.69 ( 0.41 -0.82 0.75 -0.67 1

a Best estimate and 95% confidence interval. b Correlation between
parameter estimates.

3520 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 30, NO. 12, 1996

+ +

+ +



a positive 0.57. The negative correlation between ks and
Ks may be an artifact, resulting from the stronger positive
correlation between ks and b. An increase in ks was best
compensated by an increase in b, but a simultaneous
decrease in Ks may have improved the overall fit.

Growth Rate Estimation. The NLS parameter estima-
tion procedure indicated that the data set represented in
Figure 1 was excellent for estimation of µ, but less so for
the individual parameters because they were so closely
correlated. Thus, the use of the t50% method for directly
estimating µ was felt appropriate. Using this approach,
the growth rates obtained showed no dependence on
inoculum concentration over the range examined, as
demonstrated by the linearity of the data in Figure 2.
Average growth rates at each of the three methane
concentrations are reported in Table 2 with 95% confidence
intervals. As expected for Monod kinetics (eq 1), µ increased
with increasing methane concentration.

Whereas weighted NLS parameter estimation made use
of all observations (3-9 per bottle), the curve spacing
technique used only one value (t50%) for each bottle. These
two approaches for estimating µ are compared in Table 2
for the case without CAHs present. Growth rates estimates
by the two approaches were not significantly different at
a 95% confidence level, providing validation for the simpler
method of using t50% values for growth rate determination.

CAH Effect on Growth Rate. Three sets of inoculum
dilutions series bottles were prepared with a mixture of a
single concentration for each CAH and 460 µg of methane/
L. Again, the t50% values were linear with respect to ln (D)
(Figure 3). The net growth rate was reduced by 28%, 54%,
and 7% in the presence of 1 mg/L TCE, 4.7 mg/L t-DCE,
and 0.005 mg/L 1,1-DCE, respectively (Table 2). The growth
rate reductions with TCE and t-DCE, but not with 1,1-DCE
at the low concentration used, were significant at a 95%
confidence level.

A single small inoculum (0.01 µg/L) was used to observe
the effect on growth rate from a range of CAH concentra-
tions. Resulting growth rates are shown in Figure 4. Clearly,
1,1-DCE had the most adverse effect, causing a 24% and
66% reduction in µ at 0.05 and 0.10 mg/L 1,1-DCE,
respectively. The presence of 1 mg/L TCE and 1 mg/L t-DCE
reduced µ by 22 and 20%, respectively.

Single bottles were generally used for each CAH con-
centration, so little statistical information can be inferred.

FIGURE 2. Effect of methane concentration on the time for 50%
methane removal (t50%) versus inoculum dilution factor for the data
in Figure 1. Three initial methane concentrations: (O) 460 µg/L, (0)
46 µg/L, (4) 9.3 µg/L. Lines show least squares log-linear fits.

TABLE 2

Growth Rates from Inoculum Dilution Series at
Different Methane Concentrations and in the
Presence of CAHs

growth ratea (day-1)
CAH

concn
(mg/L)

methane
(µg/L) curve spacingb NLS estimatesc

none 9.3 0.45 (0.44-0.47) 0.44 (0.37-0.51)
none 46 1.14 (1.05-1.25) 1.07 (0.96-1.18)
none 460 1.48 (1.41-1.54) 1.46 (1.32-1.60)
TCE 1.0 460 1.07 (0.98-1.17) d
t-DCE 4.7 460 0.68 (0.62-0.75) d
1,1-DCE 0.0051 460 1.37 (1.28-1.47) d

a Growth rate and 95% confidence interval in parentheses. b Rates
determined from linear regression of t50% values versus natural logarithm
of inoculum dilution factor using eq 7. c Rates calculated from eq 1
using NLS best fit parameter estimates in Table 1. d Not determined.

FIGURE 3. Effect of CAHs on the time for 50% methane removal (t50%)
versus inoculum dilution factor: (O) no CAH, (4) 0.005 mg/L 1,1-DCE,
(]) 1 mg/L TCE, (0) 4.7 mg/L t-DCE. Lines show least squares log-
linear fits.

FIGURE 4. Growth rates versus CAH concentration determined from
t50% ratio analysis: (4) 1,1-DCE, (]) TCE, (0) t-DCE. Initial methane
concentration 460 µg/L. Triplicate bottles at 0.02 mg/L 1,1-DCE, 1
mg/L TCE, and t-DCE. Filled symbols indicate values from inoculum
dilution series. Error bars indicate 95% confidence intervals. Lines
show eq 2 model results using Table 1 and three-parameter values.
For 1,1-DCE, the two- and one-parameter model results are
indistinguishable. Inset shows lower CAH concentrations.
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However, five replicates were run in the absence of CAHs
and three each at 0.02 mg/L 1,1-DCE, 1 mg/L t-DCE, and
1 mg/L TCE. Replicates showed good agreement, with the
t50% values for each condition having coefficients of variation
of less than 3%.

Both experiments for estimating growth rates showed
roughly the same CAH dependence (Figure 4). Growth rates
by inoculum dilution series and by t50% ratio were not
significantly different at the CAH concentrations where this
could be determined. However, of the two methods, the
inoculum dilution series can be expected to provide the
most accurate growth rate estimates, although it requires
more experimental effort.

NLS Parameter Estimation. Parameter estimates for
the methane-related parameter values for the mathematical
model describing the effect of CAHs on µ (eq 2) are
summarized in Table 1. To consider the effect of CAHs,
two additional parameter values are required: kc/Tc and
Kc. The ratio kc/Tc (day-1) represents the maximum specific
rate of active biomass loss due to transformation product
toxicity. Growth rates as a function of CAH concentrations
were used to determine kc/Tc and Kc using NLS fitting with
eq 2. Resulting values, confidence intervals, and correlation
coefficients are reported in Table 3. Resulting model fits
are shown in Figure 4.

For both TCE and t-DCE, the best fits obtained were
with kc/Tc ) 0, but the confidence intervals were broad.
Results from a separate study specifically designed to
measure CAH transformation rates and capacities for this
culture indicated that, for TCE, Tc was 0.025 mg of TCE/mg
of cells (26) and kc was at least 0.012 mg of TCE (mg of
cells)-1 day-1, giving a kc/Tc value of 0.48 day-1. This value
lies within the confidence interval for the value estimated
by NLS (0 ( 1.13 day-1, Table 3). For t-DCE, Tc was 3.4 mg
of t-DCE/mg of cells and kc was at least 4.2 mg mg-1 d-1

(39), giving a kc/Tc of 1.2 day-1, which is outside the
confidence interval bounds in Table 3.

The uncertainties in the exact values of kc/Tc for TCE
and t-DCE make statements more speculative about the
relative influences of competitive inhibition and transfor-
mation product toxicity on growth rate reduction as
represented in eq 2. If kc/Tc were zero, then this reduction
would all be due to competitive inhibition. However, even
with the alternative values given above, 80% and 60% of
the growth rate reduction by TCE and t-DCE, respectively,
would be due to competitive inhibition. Thus, for these
two CAHs, competitive inhibition is certainly the dominant,
if not the sole factor causing the observed growth rate
reductions.

On the other hand, for 1,1-DCE, the parameter estimates
(Table 3) indicate that 99% of the reduction in µ was due

to TPT. The perfect correlation between kc/Tc and Kc

suggest that the ratio of the two parameters (kc/TcKc) is a
more appropriate representation of the effect of 1,1-DCE
on µ. When S/Ks . C/Kc, as was here the case for 1,1-DCE,
eq 2 can be simplified so that the parameter ratio can be
used directly:

With this equation, the effect of CAHs on µ is exclusively
due to TPT. NLS fitting for the combined parameter ratio
(kc/TcKc) resulted in a much narrower confidence interval
(Table 3). The fit for the 1,1-DCE data using eq 10 is
indistinguishable from that using eq 2 (Figure 4). If Kc for
1,1-DCE was 0.17 mg/L, the same as that for t-DCE, then
kc/Tc would be 45 day-1, nearly 2 orders of magnitude
greater than for TCE or t-DCE.

Effect of MMO Type Initially Expressed by Inoculum.
A separate set of bottles inoculated with the same mixed
culture expressing sMMO was run concurrent with bottles
containing pMMO inoculum. The time to 50% methane
utilization (t50%) is plotted versus 1,1-DCE concentration in
Figure 5. The addition of 1,1-DCE at a concentration as
low as 0.005 mg/L caused t50% to increase significantly with
sMMO expression, but had little or no effect with pMMO
expression. The copper to biomass ratio of this experiment
was such that the sMMO inoculum would switch to pMMO
expression during the experiment. Others (26, 35) have
found such a transition to require 2-10 h. During this
time, the inoculum would have a higher 1,1-DCE trans-
formation rate, as 1,1-DCE and TCE transformation rates
are typically orders of magnitude greater for sMMO than
pMMO (6, 21, 27). Thus, while the inoculum expressed
sMMO, the cells would experience much greater TPT from
1,1-DCE transformation. Methane utilization and growth
were eventually observed in these bottles, indicating that
µ then reverted to a positive value. The increase in the
time to methane removal (t50%) indicates the time required
for the inoculum to recover from TPT losses. This apparent
sMMO-enhanced toxicity was also observed with TCE and
t-DCE, but to a much lesser extent, most likely because
TPT from 1,1-DCE cometabolism is an order of magnitude
more severe than from TCE or t-DCE (21).

TABLE 3

CAH-Related Parameter Best Estimates from NLS
Fitting of Growth Rate Data with CAHs

CAH kc/Tc
a (day-1) Kc

a (mg/L)
correlation
coefficient

kc/TcKc
(L mg-1 day-1)

TCE 0 ( 1.13 0.13 ( 0.15 0.978 0 ( 8.7
t-DCE 0 ( 0.44 0.17 ( 0.08 0.956 0 ( 2.6
1,1-DCE 115 ( 11000 0.43 ( 41 1.000 269 ( 37000
1,1-DCEc 262 ( 45

a Best fit and approximate 95% confidence interval. b Correlation
between parameter estimates. c Best fit and 95% confidence interval
for estimate of kc/TcKc when S/Ks . C/Kc.

FIGURE 5. Effect of initial MMO type, (b) pMMO or (O) sMMO on
the time for 50% methane removal (t50%) versus 1,1-DCE concentration.
Cultures initially expressing sMMO reverted to pMMO after an
undetermined time. Lines show average t50% values. Five bottles
used at 0 mg/L 1,1-DCE and three at 0.02 mg/L 1,1-DCE.

µ ) Y( ksS

S + Ks
) -

kc

TcKc
( C
S/Ks

) - b (10)
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Summary and Implications. The experiments de-
scribed here were conducted with a mixed culture, as would
typically be found under in-situ field conditions or in large-
scale aboveground systems. Spacing between methane
depletion curves for bottles having different initial bio-
mass concentrations were used to estimate growth rates.
Ideally, directly enumeration of active biomass would be
used to corroborate the presumed increase in active biomass
with growth, as has been shown by others (40). However,
such methods were inappropriate here as they typically fail
to discriminate between cells that are active or inactive
toward methane and CAHs (26). Low biomass concentra-
tions made other techniques infeasible. The method
described here is an activity-based technique that worked
well for a methanotrophic mixed culture. The strong
correlation between the time to 50% methane removal and
active cell population supports the use of this measure for
the enumeration of active populations within a mixture
(26).

The presence of each CAH was found to reduce the net
growth rate of the methane-oxidizing mixed culture. The
effect on µ appears to depend on the affinity of the MMO
enzyme for the CAH (Kc), as well as the rate of CAH
transformation (kc) and the resulting energetic requirement
and toxicity of transformation products (Tc). Based on the
Kc values determined through NLS fitting, TCE and t-DCE
reduce µ primarily through competitive inhibition of
methane utilization at the methane concentration used in
this study. (At lower methane concentrations, TPT is
expected to be of more importance as compared to
competitive inhibition.) The TPT from TCE oxidation was
less significant because the rate of TCE transformation was
low. Likewise, the faster rate of t-DCE oxidation was offset
by a larger Tc. On the other hand, 1,1-DCE concentrations
were too low to competitively inhibit methane utilization,
yet this CAH had the greatest impact on µ. Even though
the rate of 1,1-DCE transformation was too low to be
determined accurately, the associated TPT was extreme.
Even greater toxicity from 1,1-DCE was observed when the
culture initially expressed sMMO, most likely due to a higher
rate of CAH transformation compared to that with pMMO.
In either case, the concentration of 1,1-DCE transformation
products is likely to be very low. The extreme toxicity
observed suggests a potent mechanism for cellular inac-
tivation, such as covalent binding within the active site of
sMMO. The exact mechanism of this important adverse
effect deserves study.

Organisms expressing other oxygenases, such as toluene
monooxygenase, may likewise be susceptible to 1,1-DCE.
For example, in a pilot study of in-situ phenol addition to
contaminated groundwater, TCE degradation was halved
when 0.065 mg/L 1,1-DCE was supplemented into the
injected groundwater (41). Conceivably, the presence of
1,1-DCE could virtually eliminate an in-situ population of
oxygenase-producing organisms. A possible means for
overcoming this limitation is to first grow a large population
of appropriate organisms by providing an organism-specific
growth substrate that does not induce oxygenase enzyme
expression followed by an inducing substrate that would
initiate CAH degradation by the grown population.
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